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O ' Abstract 

o : 

CN , The study of five- fold (P even, T odd) correlation in the interaction of slow 

I polarized neutrons with aligned nuclei is a possible way of testing the time rever- 

sal invariance due to the expected enhancement of T violating effects in compound 
resonances. Possible nuclear targets are discussed which can be aligned both dy- 
\ namically as well as by the "brute force" method at low temperature. A statistical 

estimation is performed of the five-fold correlation for low lying p wave compound 
f«r^ . resonances of the ^■^^Sb, ^■^'^Sb and ^^''l nuclei. It is shown that a significant im- 

\ provement can be achieved for the bound on the intensity of the fundamental parity 



conserving time violating (PCTV) interaction. 



o 

Q ■ PACS: 24.80.+y Nuclear tests of fundamental interactions and symmetries 
O _ 

1 Introduction 

^ ' The existence of T violating (TV) fundamental interactions beyond the Standard Model 
Ch ■ remains one of the most intriguing questions of modern physics. This is a reason to look 
for T odd angular correlations in nuclear reactions caused by possible TV interactions. 
^ ! Among the different reactions an interaction of slow neutrons with medium and heavy 
^ \ nuclei has an advantage. Indeed, the capture of a neutron by the nucleus results in the 
formation of narrow compound resonances. As was first noted in PJ Ej, the long life 
time of the resonances should lead to a large enhancement of T odd effects in the same 
way as occurs for P odd ones |3j. Studies of the enhanced P violating (PV) effects in 
neutron-nuclei interaction are described, e.g., in the review paper 

So far evidence for violations of CP and T invariances (related by CPT symmetry) 
has only been found in K*^ decay. This lack of evidence means that the origin of the 
interaction responsible for these violations cannot be established. In particular, there is 
no consensus on whether or not TV interactions conserve P invariance. So hypothetical 
PVTV (P Violating, T Violating) and PCTV (P Conserving, T Violating) interactions 
have to be compared. 

Starting the 1960s, a lot of attempts have been made to discover T violation in sys- 
tems differing from K° mesons, specifically in nuclear reactions and decays. Only upper 
bounds have been set on the strength of both PCTV as well as PVTV interactions in the 
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corresponding experiments. It is generally agreed (and there is a reason for it) that data 
on electric dipole moments (EDM) of neutron and atoms give the best bounds. Recall 
that the EDM of an elementary particle only arises at the simultaneous violation of P 
and T invariances. 
Let 

^ _ {ypVTv)s.p. ^ _ {VpCTv)s.p. 

{Vpv)s.p. (^)s.p. 

be the ratios of typical single particle matrix elements of PVTV and PV interactions, as 
well as the ones of PCTV and strong interactions. Note that it is the practice to only 
compare PCTV interactions with strong interaction, V, because both are P even. 

Current EDM data give the bound Apt < 10~^ The situation on the bound 
on PCTV interactions is more intricate. The PCTV forces alone cannot induce EDM 
because they are P even. However, PCTV forces together with weak PV interactions may 
involve EDM. Therefore, the bound on PCTV forces may be obtained from the EDM 
data but only in the framework of some model assumptions. During the 1990s there was 
confidence that the data on the EDM of neutrons and atoms put more strict bounds 
on PCTV interactions than direct searches for T odd, P even effects (e.g., in nuclear 
reactions). Summing the results of theoretical works devoted to relations between PCTV 
forces and EDM, a rather strict bound At < 10^^ was obtained in 

Recently this bound was reconsidered in [6 . More exactly, it was pointed out that the 
strict limitation on At from EDM data arises in the framework of a certain assumption 
("Scenario A"). In fact, there are no real fundamental reasons to follow this assumption. 
In the framework of an alternative approach (" Scenario B" ) the EDM data give no definite 
value for At. In this case one should use only a relatively weak bound At < 10~^ resulting 
from direct searches for T non- invariant, P even effects. 

It was noted in [ZHH] that this re-estimation of the current bound on PCTV interactions 
favours resuming direct tests of T invariance by studies of P even, T odd effects in nuclear 
reactions and decays, specifically, in the interaction of slow neutrons with medium and 
heavy nuclei. 

Recall that in nuclear reactions T invariance results in equality of the amplitudes 
(elements of S matrix) of direct, S{a — > a'), and inverse, S{a' — > a), transitions. In 
particular, in the neutron-nucleus interaction one usually labels the scattering states by 
relative orbital momentum I, total angular momentum j of the neutron (j = 1 + s, where 
s = 1/2 is the neutron spin) and total angular momentum J of the neutron and target 
nucleus (J = j+I, where / is the nucleus spin). Then one uses the amplitudes Sj{lj I'f) 
implying that / and j can change at scattering, while J is conserved. Therefore, possible 
PCTV interaction results in a difference between Sjilj I'j') and Sjil'f — > Zj), where / 
and /' are of the same parity. 

This work deals with the possibility of searching for PCTV interactions by studying P 
conserving, T violating five-fold correlation in the total cross section of the interaction of 
polarized slow neutrons with spin-aligned nuclei. This P even, T odd five-fold correlation 
(s[k X I]) (kl), where s, I and k are the neutron and nucleus spins and neutron momentum, 
respectively, was first considered in [^lElE]- It only arises when the difference of the 
amplitudes S'j(/j I'j') and Sjil'j' Ij) is non-zero. 

Five-fold correlation may be used to test T invariance (provided space parity is con- 
served) in the interaction of any polarized particles with spin-aligned targets. It must 
be emphasized that, first, this method is a genuine null test of T invariance and, second. 
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it is free from masking effects related to final state interaction fl2\ IT3] . We concentrate 
on the interaction of slow neutrons with medium and heavy nuclei by reason of the large 
enhancement pointed out above. 

In practice, the studies are hindered to a great extent by the absence of appropriate 
nuclear targets. One needs nuclei which, first, can be aligned (with spin / > 1) and, 
second, have p wave resonances in the low energy region. Last few years, due to studies 
of P violation in the interaction of slow neutrons with nuclei, a list of known p wave 
resonances for many nuclei was considerably expanded. Among the targets discussed 
in 01, the nuclei ^^^Sb, ^^^Sb and ^^'^I are of special interest. Below (see Section 8) we 
demonstrate real possibilities of aligning them. 

We begin this paper by discussion of various aspects of the interaction of slow polar- 
ized neutrons with aligned nuclei (Sections 2-5). Then, in Section 6, a new method is 
proposed for statistical estimation of the magnitudes of five-fold correlation (as well as of 
the deformation effect) in given p wave resonances. The T non-invariant, P even effect is 
proportional to the mean matrix element vt of PCTV interaction. Its value is considered 
in Section 7. Prospects of aligning the nuclei with known p wave resonances are studied in 
Section 8. In Section 9 in the framework of the advanced statistical approach, we perform 
numerical estimations of the discussed effects for known p wave resonances of ^^^Sb, ^^^Sb 
and ^^''I nuclei. It is shown that the results of the measurements of PV correlation 1^4^ may 
be used to estimate the feasibility of the proposed measurement of five-fold correlation 
for the same nuclei. 

Our conclusion is that the current bound on PCTV interaction could be improved (at 
best, PCTV effect would be found) even at the measurement conditions realized for PV 
studies jl]. New high intensity spallation neutron sources - SNS (USA) and JSS (Japan) 
- would provide better possibilities to reach the same goal. 

2 Correlations in the interaction of polarized neu- 
trons with aligned nuclei 

Generally, the total cross section of neutron-nucleus interaction depends on the relative 
orientation of the unit vectors n^, n/ and along the neutron polarization axis, nuclei 
alignment axis and neutron momentum, respectively. We use the following definitions. 



for neutron polarization {a is the projection of spin s = 1/2 on the axis n^) and nuclei 
alignment (m is the projection of spin I on the axis n/), respectively. We consider the 
situation of pure alignment when the populations of nuclear substates with projections m 
and — m are equal (as the result (m) = and nuclei polarization pi (/) = (m) //is equal 
to zero). Note that only nuclei with spin / > 1 can be aligned. 

The neutron-nucleus interaction at low energies is predominantly s wave and, therefore, 
is described by the sole amplitude Sj{0^ — > 0|). At first glance it renders the test of T 
invariance impossible because the initial and final states coincide. In fact, in the low lying 
p wave resonances contributions of partial pl/2 and p3/2 waves can be comparable with 
the contribution of s wave. Because of this, in jlOj it was proposed to look for five-fold 
correlation just in p wave resonances and, hence, an explicit expression was obtained for 





3(m2) -/(/+ 1) 



(2) 



s 
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the effect in terms of the S matrix on the assumption that only sl/2, pl/2 and p3/2 
partial waves are of importance. Namely, it was shown that the total cross section of the 
neutron-nucleus interaction is of the form 

+ Pi{s)p2{I)mnsni){nkni) - (n^rifc)) Ao-^,^^ + (3) 

+ Piis)p2il)ins[nk X n/]) (rifcn/) Ao-pcTV, 
were cxo is the total cross section for unpolarized neutrons and non-oriented nuclei 

^o = ^T.9jT.i^-^^Sj{lj^lj)), (4) 
^ J ij 

and 

= ^ E {hj Re - 4) + Sjil^ - 1^)) + e, (l - Re S^l^ - 1^; 

(5) 

^^pI = %T.9J^^ {Sjio\ - li) + SAl^ - oi)) , (6) 

^^PV = Y2^hjRe [^Sj{0\ - 1^) + 5,(1^ - 0^)) , (7) 

AapcTV = %Y.hjlrn - 1^) - Sj{l^ - 1^) 

The numerical factors gj, hj and ej are given by the following expressions 

9 J = (9) 
2(2/ + 1)' 



I 21-1 , 21-1 I , . . 



I-l /(/-2) 

67-3/2 = — — e7_i/2 



2/ + 1 ' (2/ + l)(/+l) 

(2/ -!)(/ + 3) (2/ -!)/(/ + 2) 

67+1/2 — -— — , e/+3/2 



fill 



(2/+l)(2/ + 3) ' (2/+l)(/ + l)(2/ + 3) 

Here the factor (jSJ at five-fold correlation is proportional to the difference between the 
amplitudes Sj{l^ l|) and >S'j(l| — *• l|). Later an additional contribution from the 
mixing of s and d waves was considered P ^ I15 | ITH]. which is proportional to the difference 
between the amplitudes Sj{0^ — > 2j) and Sj{2j — * 0|), where j = 3/2 and 5/2. This is 
of special importance for deformed nuclei where s wave resonances may have appreciable 
d wave partial widths \XU- The prospects for searching for five-fold correlation in s wave 
resonances (with energies up to 500 eV) of deformed nucleus ^^^Ho were recently discussed 
in [IHI. 

Note that searching for five- fold correlation in the interaction of fast polarized neutrons 
(with energy close to 6 MeV) with aligned nuclei ^^^Ho has been performed in JHl- A 
strict bound on the PCTV interaction was obtained. However, a similar study on slow 
neutrons has not been carried out so far. 
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3 Neutron-nucleus interaction in p wave resonance 



All angular correlations in Q are pronounced in p wave resonances because they are 
induced by p waves (see ®-(|Hl))- Let p wave resonances with spin J be labelled by the 
index /z. Then we assume that Ej^ is the position of the /xth resonance, is the total 
width, g:^^{lj) is the real amplitude of the partial neutron width r;(^(lj) = {g:^^{lj))'^ , 
and r;(^ = T-^^{1^) + r;(^(l|) is the total neutron width. Close to the /ith resonance the 
p wave scattering amplitude is of the form 

SAU - If) = e-^^ [5,, - + A5r^^(lj - Ij'). (12) 

Here 5p ~ {kRY/3 is the potential scattering phase for the p wave on the nucleus with 
radius R. Below we neglect it. The small additive ASj'""^^ resulting from the hypothetical 
PCTV interaction is considered in details later (for the moment we omit it). 

Close to the /ith resonance one obtains p wave contribution to the total cross section 
(To by substitution of (fT^ into (jH). The result is described by the Breit-Wigner formula 

„ "pj "pj 

Since the neutron width of a p wave resonance is small, the cross section cXp adds little in 
comparison to the s wave contribution cr^ into Uo (even at E = -E"^). 

For this reason a small number of p wave resonances is known. It has already been 
pointed out that over the last few years a lot of new p wave resonances were found due to 
PV studies on the neutron-nucleus interaction. Note that the statistical properties of p 
wave resonances have been investigated much less than those of s wave ones and, therefore, 
are of separate interest. In particular, there is no information about the distribution and 
mean values of partial neutron amplitudes 5';J^(l|) and 5';[^(l|) (see, e.g., pUj). 



4 Polarized neutrons and non-aligned nuclei: PV ef- 
fect 

Let target nuclei be not aligned, P2il) = 0, while neutrons are polarized. Then on the 
right-hand side of Eq.ijHj) apart from do there is the sole term which is proportional to 
P odd correlation (n^rifc) of neutron spin and momentum. The evident expression (jH)) 
for AapY clearly demonstrates that this correlation owes its existence to parity violating 
forces resulting in transitions from s wave to p wave and vice versa. Strong enhancement 
of this PV correlation in p wave resonances was first predicted in [3j in a model of mixing 
of s and p wave resonances. Note that PV forces mix s and p wave resonances with equal 
spins. 

Let s wave resonances with spin J be labelled by the index z/, and Vjf^ is the real 
matrix element of the PV interaction between the wave functions of the i^th and /ith 
compound states. Thus, in accordance with [3] (see also jSj), close to the /ith resonance 
the main contribution to the S matrix elements in © (as well as in ((Tj)) has the form 

1 1 (7^ (1?) V^^Q-^ (Qi) 

5-^(0^ ^ Ij) = Sj{lj ^ 0-) = -t , , y ^\ (14) 
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where is the position of z/th resonance, and gnu{^\) is the real amphtude of the neutron 
width V'l^j^ = {gnui^^))'^ of the same resonance. Substitution of into (jH)) gives 

It is clear that close to p wave resonance this factor has the same (resonance) dependence 
on the neutron energy E as the p wave cross section (fT^ . 

In experiment, one measures the asymmetry of neutron transmission trough the target 
for two opposite directions of neutron spin (along and opposite the neutron momentum) 

where and are the numbers of neutrons travelling through the target at = 
and ris = —rife, respectively. Let n be the number of nuclei in the unit volume of the 
target, and d the target thickness. Then taking into account that AcTpy <^ ctq, one gets 

OLpy = -ndpi{s)Aapy. (17) 

Thus, in accordance with (fT3j) the measured PV asymmetry apv is enhanced in the /xth 
p wave resonance (and reaches a maximum at ii^ = E^). This enhancement is said to be 
resonance j2Ij. 

To analyze the results, one extracts the factor (fT3j) from apv- Then, to eliminate the 
dependence on the neutron energy, one usually divides Aapy into the p wave cross section 
(fT^ and deals with the quantity 

Aa?y Tj^m) ^ 2K7 g'nM) 



Pp 



rJ frJ — fpJ nJ (^ 



It includes the enhancement factor giiy{0^) / g:^^{l^) ~ {kR)~^ ~ 10^-10^ which is said to 
be kinematical (or structural) It arises due to the suppression of the amplitudes 

of neutron widths of p wave resonances with respect to the ones of s wave resonances by 
the factor kR ~ IQ-^-lQ-^. 

At present the quantities pp are measured for a lot of p wave resonances for more than 
two tens of nuclei ^ . The results are treated on the assumption that for any nucleus the 
matrix elements are Gaussian random quantities with a root-mean square vp. The 
extracted values vp are close to 1 meV for all investigated nuclei. 



5 Aligned nuclei: deformation effect, PV effect and 
TV effect 

When target nuclei are aligned, three additional terms appear in the right-hand side of 
Eq.Q. Any of them can be measured. 

The first term is proportional to the correlation (3(nfcn/)^ — 1) of neutron momentum 
and nucleus spin. No neutron polarization is required. Using the same notations as in 
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[T7] we designate this term as the "deformation term"^. Close to the /ith resonance, one 
gets the exphcit expression for Actd substituting (fT^ into 

AME) = ^ + ^r4.(l5)) (19) 

We point to its resonance dependence on the neutron energy. 

Deformation effect determines the asymmetry of neutron transmission through the 
target with ahgnment axis directed along, n/Hrifc, and transverse to, n/ ± n^, the neutron 
momentum, i.e. 

N\\ - , ...^^^D 

= + A^^ = -'^f^P2(/)— (20) 

where one assumes that Aan <^ o"o. By analogy with |T8|l in any p wave resonance one 
can introduce the quantity 

Pd = = pj + 7^ ^1 , 21 

which describes the magnitude of the deformation effect only in this resonance. 

The second additional term in the right-hand side of (jHl) is proportional to AcTpy and 
results from P violation. Using (0) and (fT^ we get in the /ith p wave resonance 

A^(2)/pN_^ hj9ii,{^)^i ^ Ki^'aLi^l) 

It is apparent that the measurement of the asymmetry ()16|) at different angles between 
the alignment axis n/ and neutron momentum in line with the measurement of the 
deformation effect ()2()|1 . (PT|) would provide information on the division of the neutron 
width r;(^ into partial widths r;(^(l|) and r;[^(l|), and, conceivably, on spin J of the 
resonance. 

However, the main subject of this paper is the five-fold correlation, i.e. the last term 
on the right-hand side of Q • To find the dependence of the effect on the parameters of p 
wave resonance we use the model proposed in |2l . This implies mixing of the p wave 
resonances by the PCTV interaction. Let V^^"^^ is the real matrix element of the PCTV 
interaction between the wave functions of the /i'th and /xth compound states. Then in the 
/xth p wave resonance the main contribution to the PCTV additive in ()12|) is of the form 



^^pcTi/Q 1 ^ 1^) = -A^f^'^^ri- ^ 1- 



E 



(23) 



E-Ef^+ E-l - El, 

Thus (jHI) transforms into 

TT hjVl W^,^/-' «^(1|X(1|) - <^(1|X(1|)) 

^^^^^ p _ E^J)2 + (r^/2)2 El -El, 
(24) 

"'^It corresponds to the visual interpretation of this correlation. Indeed, let us assume that the nucleus 
is a prolate spheroid with spin I along the major axis. Then different nuclear cross sections correspond 
to the longitudinal and transverse orientation of I with respect to k. 
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Note that this factor has the same resonance dependence on E as the p wave cross section 
To test T invariance one should measure the asymmetry 

where N^-^ and are the numbers of neutrons travelhng through the target with polar- 
ization ris If [iifc X n/] and If [n^ x n/], respectively. Then 

apcTV = —■ndpi{s)p2{I) sin 6 cos 6 AapcTV, (26) 

where 6 is the angle between n/ and n^. The asymmetry ()26p as function of 6 has a 
maximum at ^ = 45°. Because the resonance enhancement takes place for Aapcrv and 
oipcTV as well as for PV effects, it is natural to deal with the ratio 

which is analogous to (fTK|) . 

It should be stressed that the proposed measurement of the asymmetry (P3jl - (P7j) . 
which is sensitive to the possible violation of T invariance, is similar in procedure to the 
well developed (see ji]) measurement of the asymmetry (|T6|l - (|T8|) . which is sensitive to 
P violation. The quantity pt is to be measured in the same p wave resonances as the 
quantity pp was measured. There are no grounds to expect any correlations between pp 
and Pt- In fact, these quantities owe their existence to different interactions, PV and 
PCTV, respectively. Moreover, PV asymmetry results from mixing of p wave resonance 
with s wave resonances, while PCTV asymmetry from mixing of p wave resonance with 
other p wave resonances. 

Nevertheless, the measurements j3] of pp are of great importance for the following 
reason. Let us assume that pt is measured in the same conditions (the same target and 
neutron flux) as the quantity pp was measured. We take into account that the statistical 
accuracy App in the fith p wave resonance (as well as Apx) is mainly determined by the 
strength of this resonance and the s wave background. Therefore, one can expect that 
the error Apx will be of the same magnitude as App (to be more precise, slightly higher 
because on the right-hand side of at 6* = 45° there is an attenuation factor, p2{I)/2). 
Thus, comparing an evaluated value for pt in definite p wave resonance with the achieved 
accuracy App in the same resonance, one can estimate the feasibility of the proposed 
study of five-fold correlation. 



6 Statistical estimation of TV and deformation ef- 
fects 

In a fixed p wave resonance with spin J, the quantity pr cannot be predicted because, 
first, matrix elements V^^^^ and, second, amphtudes g:^^{lj) are unknown. Moreover, 
spins of p wave resonances where PV effects were measured are also unknown. For any p 
wave resonance we know only its position E^^ and product Qj^^^ of statistical factor gj 
into neutron width P^^,,. 
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Nevertheless, one can estimate a root-mean square 



Pt = V(Pt) (28) 

for the PCTV effect in the /ith resonance with spin J . Indeed, let us assume that the 
matrix elements V^*^^^ are Gaussian random quantities with 



{v^r)=^^ = -T. (29) 

The neutron amplitudes of p wave resonances have similar properties, 

«(lj)) = 0, y((<(lj))') = ^, (30) 

at the same time the amplitudes gi^{l\) and 5';{^(l|) are independent random quantities. 
Then we obtain from (j^ . ^ and 

where one sums over resonances /i' with the same spin J. 

As a rule, recall, the spins of p wave resonances are unknown. Only for the resonances 
where PV effects were observed can one be sure that J = I ±1/2. An absence of the PV 
effect in a p wave resonance may results both from J = /±3/2as well as from negligibly 
small mixing of this resonance (with J = / ± 1/2) with s wave resonances. 

Based on the known formula for density of states with spin J, let us assume that the 
probability w{J) for the p wave resonance to have spin J is proportional to (2 J + 1). 
Then, if I is the spin of target nuclei (and / > 3/2), we get 

«;(J) = ^, Y: w{J) = 1. (32) 

J=I±l/2,3/2 

It is easily seen that a p wave resonance has spin J = / ± 1/2 with probability 1/2 and 
spin J = / ± 3/2 with the same probability 1/2. Below we perform an estimation of pT 
in the fith resonance assuming that its spin is equal to J = / — l/2or/ + l/2. Thus, 
approximately one half of our (non-zero) estimates are improper; indeed, approximately 
one half of the known p wave resonances have spin J = J ± 3/2 and, therefore, PCTV 
effect for these resonances is equal to zero. 

So we let the fith resonance have spin J = / — l/2or/+l/2. To evaluate (p^), one 
squares both sides of (jTfjl . then averages them using and (jSDI), which yields the sum 
over the resonances fi' with the same spin J. Since any of the known p wave resonances 
can have spin J with probability w{J), we perform the summation over all known p wave 
resonances taking their contribution with weight factor w{J). Thus using (jH^ . we replace 
Eq. dSH) by 

(7 \ 
1 r ' \ 
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Table 1: Root mean square deformation effect p^) as function of spin I of the target nuclei. 



/ 


3/2 


2 


5/2 


3 


7/2 


4 


9/2 


5 


Pd 


0.296 


0.354 


0.395 


0.427 


0.452 


0.472 


0.489 


0.502 



where one sums over all known p wave resonances. Note that the ratio of the neutron 
widths r;(^, and r;(^ entering (jH!^ is equal to the ratio of known quantities gjT^^, and 
dJ^nii- The common factor in ()33|) depending on J is of the form 



\h., 



J=I+l/2 



V2/ + 3j 



/2I 



\h., 



J=7-l/2 



1(2/ 



1/2 



J=7-l/2 



,(/ + l)(2J + l) 



(34) 

Therefore, the average effect for spin J = / + l/2is less than the one for spin J = I —1/2. 

To verify the statistical approach one can use the measurements of the deformation 
effect ()21|) in p wave resonances. Indeed, averaging over the resonances with definite spin 
J we obtain 

(pi) = ^- (35) 



For any J this quantity can be evaluated with the use of Q and (fTT|) . However, it is of 
interest that after averaging over all resonances the effect vanishes. 



J=/±l/2,3/2 

On the other hand, the root mean square takes the form 

PD={T.^{j){{pir?j ' = 



0. 



(36) 




(37) 



The quantity is defined only by the spin I of the target nuclei. Results of its numerical 
estimation for some / are presented in Table ^ We see that after measurements of the 
deformation effects in all known p wave resonances of the nucleus, one can get the average 
values (pd) and pu and compare them with calculated quantities. Such a test would allow 
verifying the statistical approach proposed in this section. 



7 Root mean square matrix element for PCTV inte- 
raction 

In this section we discuss the magnitude of the mean matrix element, vt, of the hypothet- 
ical PCTV interaction between the wave functions of the compound states. We assume 
that mean values of matrix elements between compound state functions of strong, v, P 
violating, vp, and P conserving T violating, vt, interactions have the same relation as 
the mean single particle matrix elements, {V)s.p., {Vpt)s.p. and {VpcTv)s.p., of those in- 
teractions. Then to obtain a bound on At © better than 10~^, the measurement of the 
five-fold correlation should be sensitive to the following value of vt'- 

vt<10'^v. (38) 
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Note that the matrix elements of weak and strong interactions are related by 

vp Gmlv ^ 10-'^ V, (39) 

where G is the Fermi constant and rrin is the pion mass. Comparing (|38|l and (|39|l . we 
obtain 

VT<l0^vp. (40) 

Investigations of P violation in compound resonances have shown that fp ~ 1 meV 
0]. Thus, the proposed experiment on the measurement of five-fold correlation should be 
sensitive to the PCTV matrix element in the range 

vt < 1 eV. (41) 

This bound on the matrix element of the PCTV interaction between the com- 
pound state wave functions results from the bound on the single particle matrix ele- 
ment {VpcTv)s.p.- There are also additional arguments for (@H). Let us assume that 
f 2- ~ 1 eV. Since the average distance between p wave resonances in medium and heavy 
nuclei {A > 100) is equal to Dp ~ 10 eV, then the mixing may be on the scale of 
Vt/ Dp ~ 10^^. It has been noted in ^] that such strong mixing can be found in neutron- 
nucleus interaction without neutron polarization and nuclear alignment. Namely, the 
asymmetry was considered for 7 quanta emission after neutron capture along and oppo- 
site neutron momentum (asymmetry "forward-backward"). This asymmetry as function 
of neutron energy E passes through zero in the p wave resonance. It has been shown 
that the deviation AE = Eq — Ep of the zero-energy Eq from the energy Ep of the res- 
onance is sensitive to possible PCTV interaction. In j22] the results of measurements of 
forward-backward asymmetry of 7 quanta emission in the p wave resonance Ep = 7.0 eV 
of the ^^^Cd nucleus were treated, and the evidence for vr/Dp < 10"^, i.e. f r < 1 eV, 
was obtained. 

It is worth noting that p wave resonances separated by a distance on the scale of 1 eV 
are not rare. For example, there are at least two pairs of such p wave resonances for the ^^^I 
nucleus, with the energies 52.20 eV and 53.82 eV, and the energies 352.0 eV and 353.3 eV 
(see jlj). Should the matrix element vt be on the scale of ~ 1 eV , then the mixing of the 
resonances in such pairs cannot be calculated in the framework of perturbation theory, i.e. 
formulae ()23p. and ()27|) were unsuitable (it is clear, however, that for such mixing, 
the PCTV effect in the resonances could be on the scale of unity). 

Based on the current data it seems reasonable to expect that the mean matrix element 
Vt is significantly less than 1 eV (if it is non-zero at all). Thus a new generation of 
experiments on the search for the hypothetical PCTV interaction should be focused on 
the region 

Vt < 100 meV. (42) 

A similar conclusion was reached in from another basis: the bound 50 meV for vt 
was considered to be the goal for future measurements. 

One usually discusses the bound on the PCTV interaction in terms of the ratio cjp of 
the T odd to T even p-meson exchange coupling constants. This p-meson exchange PCTV 
interaction violates charge symmetry (C). It is of interest that the bound Qp < 7 ■ 10~^ 
extracted from the C violating effect in neutron-proton interactions exceeds the best 
one (jp < 6 ■ 10~^ [THj extracted from T violating effects in nuclear reactions (both bounds 
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Figure 1: Splitting of sublevels of the nuclei ^^Br, ^^^Sb, ^^'^Sb and ^^^I in the compounds 
Br2, Sb203 and I2 due to quadrupole interaction. 



correspond to a 95% confidence level). The estimation 50 meV for vt was obtained in [SHI 
with the use of the bound on Qp from Note, however, that there is no reliable way of 
relating Qp with Vt due to the complex structure of the compound state wave functions. 
On the other hand, the " quasitensor" nature of the PCTV interaction may result in the 
suppression of vt [lEl l2Sj • 



8 Prospects of producing aligned targets 

To investigate T violation with the use of five-fold correlation one needs aligned nuclei 
(with spin / > 1) with low lying p wave resonances. Among the 20 nuclei studied with 
respect to P violation in the p wave resonances jlj, there are 10 nuclei with spin / > 1. 
They are listed in Table El (the number of p wave resonances in the energy region 0-350 
eV is presented). 

Some time ago we proposed |2E] a dynamic nuclear alignment (DNA) method to 
produce the targets needed for the study of five-fold correlation. This DNA method is 
analogous to the well known method of dynamic nuclear polarization but does not require 
an external magnetic field. So, there are no false effects connected with the precession of 
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Table 2: Nuclei from j3] with spin / > 1. 



N 


Isotope 


Natural 
abundance 

(%) 


Spin 


Number 
of p-wave 
resonances 


1 


81 Br 


49 


3/2 


1 


2 


93Nb 


100 


9/2 


18 


3 


105p^ 


22 


5/2 


29 


4 


115in 


96 


9/2 


40 


5 


121Sb 


57 


5/2 


17 


6 


123Sb 


43 


7/2 


6 


7 


127j 


100 


5/2 


20 


8 


i3iXe 


21 


3/2 


1 


9 


133CS 


100 


7/2 


28 


10 


i39La 


100 


7/2 


1 




Figure 2: Modulus of the alignment parameter P2{I) as a function of the target temper- 
ature T calculated with the use of the data, presented in Fig. 1. Solid line - nuclei ^^^7 
in the crystal I2, dashed line - nuclei ^^Br in the crystal Br2, dotted line - nuclei ^^^Sb 
and i^^Sb in the crystal Sb203 (the parameters of alignment for both nuclei practically 
coincide for all temperatures). 
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Table 3: Results of the estimation of the TV effect for p wave resonances of ^^^Sb. 
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11 


235.9 


0.019 


0.16 


0.052 


12 


245.9 


0.235 


0.045 


0.027 


13 


249.0 


0.128 


0.052 


0.048 


14 


261.6 


0.181 


0.036 


0.029 


15 


265.8 


0.167 


0.048 


0.040 


16 


270.0 


0.208 


0.046 


0.032 


17 


274.8 


0.153 


0.050 


0.030 



Table 4: Results of the estimation of the TV effect for p wave resonances of Sb. 





Ei 


9j'^i,p mcV 


App ■ 10^ 


Pt 


1 


176. 1 


0.176 


0.012 


0.011 


2 


186.1 
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0.035 


0.019 


3 


197.7 
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0.035 


0.024 


4 


202.0 


0.160 


0.12 


0.034 


5 


225.2 


0.160 


0.045 


0.008 
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Table 5: Results of the estimation of the TV effect for p wave resonances of 1271. 
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13 
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neutron spin resulting from both the magnetic field and pseudomagnetism, which takes 
place when one uses a polarized nuclear target. The DNA method can be used for the 
nuclei with large quadrupole splitting of spin sublevels in a single crystal. 

The possibility of nuclear alignment was analyzed for nuclei from the Table |2l except 
^^^Xe because the corresponding substance is gaseous (at room temperature). It appeared 
that the nuclei '^^Nb, ^°^Pd, ^^^In, ^^^Cs and ^^^La could not be aligned either by the DNA 
or by the "brute force" method since they have very low values of quadrupole coupling 
constant in the studied compounds. As for the nuclei *^Br, ^^^Sb, ^^^Sb and ^^^I, they can 
be aligned, in principle, both by the "brute force" and DNA methods. The compounds 
LilOs, KBrOs and Sb203 are possible prospects in the last case. Realization of the DNA 
method is in progress for the compounds mentioned. The main problem is choosing the 
appropriate paramagnetic admixtures and their incorporation into the compounds. 

On the other hand, we considered the prospects of the "brute force" method aligning 
the listed nuclei with rather high values of the quadrupole coupling constant. The prefer- 
able targets for the nuclei '^^Br, ^^^'^^'^Sb and ^^''I are the single crystals Br2, Sb203 and 
I2, respectively. In Fig. ^ the splitting of nuclear sublevels for these targets is shown (the 
data are taken from j2Z|)- In Fig- El the parameters of nuclear alignment as a function of 
target temperature are presented. It should be noted that over the last few years there 
has been impressive progress in the field of low temperature technique j2Hj- Thus the 
construction of the target operating at a temperature of about 20 mK, which provides 
significant values for the parameter of nuclear alignment, is a realistic task. 



9 Results of the statistical estimation 

This section is devoted to the statistical estimation of the magnitude of five-fold correlation 
for the nuclei ^^^Sb, ^^^Sb and ^^^I, which can be aligned, for example, by the "brute force" 
method (see Fig. 2). No such estimation can be made for the nucleus ^^Br, because only 
one p wave resonance is known for it. It is worth noting that according to |2S], in the 
case of null measurements one needs at least four resonances to put a substantial bound 
on the PCTV interaction. 

The mean matrix element of the hypothetical PCTV interaction mixing p wave res- 
onances is taken to be equal to vt = 100 meV (see (jl2I))- The magnitude of the PCTV 
effect in a p wave resonance is given by Eq. (jHS))- For the sake of definiteness we assume 
J = / — 1/2 for the spin of the resonance, where I is the spin of the target nucleus. The 
results of estimations are presented in Tables In these Tables for each resonance with 
number /i the position Ej^, parameter gjT'l^^ and the achieved statistical accuracy App of 
the PV effect measurement are indicated, taken from 0], as well as the calculated value 
oi pT- A comparison between App and pT in a more clear form is presented in Figs. OHSl 

The surprising thing is the correlation between pT and App. The reason is as follows. 
The magnitude of the statistical error App is dominantly determined by the neutron width 
of the resonance: the more weak the resonance, the larger the error App (see Tables OJE)) • 
On the other hand, let us assume that near the weak resonance there exists a strong 
resonance mixing to the former. Then according to (jHS)), the PCTV effect in the weak 
resonance is enhanced by the factor iXnii' l^n^)^^'^ 1 "where r;:^^, and T'^^ are the neutron 
widths of strong and weak resonances, respectively. This factor should be named the 
factor of kinematical enhancement by analogy with the similar factor of enhancement of 
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012345678 9 1011121314151617181920 

Figure 3: Comparison between statistical errors of the PV effect App (open squares) and 
the evaluated PCTV effect px (dark circles) in p wave resonances labelled by fi for ^^^Sb 
nucleus (see Table El) • 
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Figure 4: Comparison between statistical errors of the PV effect App (open squares) and 
the evaluated PCTV effect px (dark circles) in p wave resonances labelled by fi for ^^^Sb 
nucleus (see Table Ej). 
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Figure 5: Comparison between statistical errors of the PV effect App (open squares) and 
the evaluated PCTV effect pT (dark circles) in p wave resonances labelled by fi for ^^'^I 
nucleus (see Table Ej). 
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PV effects in (I18jl (recall that neutron widths of s wave resonances mixing to p wave ones 
far exceed the neutron widths of the p wave resonances). 

For example, the predicted effect pT is rather high in the 1st, 5th and 10th resonances 
of the ^^^I nucleus in correlation with large statistical errors App in the same ones (see 
Table El and Fig. 5). The common feature of these resonances is that they are all weak 
(with low values of gjT:^^). On the other hand, their neighbours, the 2nd, 6th and 
11th resonances, respectively, are relatively strong. Thus, a mixture of weak and strong 
resonances results in large pT in the listed weak resonances. 

Statistical estimation for root mean square deformation effects for p wave resonances 
of the nuclei ^^iSb, (/ = 5/2) and ^^^Sh (J = 7/2) is presented in Tabled 



10 Conclusions 

In this paper we discuss five-fold (P even, T odd) correlation in the interaction of slow 
polarized neutrons with aligned nuclei as a prospective test of time reversal invariance due 
to possible enhancement of T violating effects in compound resonances. Possible nuclear 
targets are considered which can be aligned both dynamically as well as by the "brute 
force" method at low temperature. 

It is shown that the nuclei ^^^Sb, ^^'^Sb and ^^''I are the most promising targets for 
five-fold correlation studies. Indeed, on the one hand, a lot of p wave resonances are 
known for these nuclei. On the other hand, quadrupole splitting of spin sublevels in the 
appropriate compounds is rather high. Thus significant values of nuclear alignment can 
be obtained even by the well known "brute force" method at temperature of about 20 
mK. 

Statistical estimation is performed for a magnitude of five-fold correlation for low lying 
p wave resonances of the ^^^Sb, ^^^Sb and ^^"^I nuclei. It is shown that at the mean matrix 
element vt = 100 meV of the PCTV interaction mixing the resonances, the expected 
effects exceed the statistical errors of recently measured PV effects by one to two orders 
of magnitude. This means that in the proposed experiment, one can reach sensitivity on 
the scale of vt ~ 100 meV, i.e. to lower the bound on Xt to the level of 10~^ (at best, to 
discover PCTV interaction). An improvement of measurement conditions may be possible 
at new high intensity spallation neutron sources - SNS (USA) and JSS (Japan). 

We are grateful to V.P.Alfimenkov and L.B.Pikelner for valuable discussions. The work is 
supported by grant NS-1885.2003.2 and RFBR grant 03-02-16050. 
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